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SUMMAEY .

Thermal and static pressure—drop performance data
on three fluted—-type heat oxchangers are presented, Two
of the heaters utllized corrugated surfaces along the
fluid passages and the third one was constructed with non-
corrugated surfaces, In these tests all heaters were
fitted with the same air shroud, Previously rasported data
taken on the latter heater, bdut with a different air ehroud,
are conpared with the current data,

Exbaust-—-gas rates from 3500 pounds per hour to 6600
pounds por hour and voentilating-ailr rates from 1500 pounds
per hour to 4700 pounds per hour wers used, Pressure—
drop measurements were made across the exhaust—gas and
ventllating—-air sidss of ths exchanger under both isothermal
and nonisothermal conditions,

_‘'The measured thermal outputs and statie pressufeﬂdroPB

INTRODUCTION

Two corrugatsd fluted type heaters (copper and stain—

.less stesl) and. anpther heater of the same type but with

Plain, noncorrugated passages (stainless stesl) were tested
in the large. tost stand - of the kechanical Hngineering. Lab-
oratories of the Universlty of Californla, See descrip—
tion of this test stand in referenceo 1,) -




These heaters are &esigned for use 1n the exhaust—
gae streams’ of ‘alrcraft gngines-for oabin. wing, and tall—
surfacs heating systems.

1

The following data were obtained.

1. Waight ‘ratese of exhaust—gas and ventilating
alr "through the two sides of the heat ex—
changer

‘2. 'Tempepatures of ventilating alr and exhaust
gas at entrance and exit of the heater

3, Tenmporatures of:- the heater surfaces

4, 8Static pressure~drop measurements on the ex—
‘haugt—gas and ventllating—air sides of the
heater under both lsothermal and nonisothermal

v . flow conditiona .

This report is one of a saries of advancoe restricted
" reports that describe research teing conducted or aircraft
heat exchangeérs at the University of California under the
sponsorship and with the financlal assistance of the
Fational Advigsory Committece for Aeronasusilcs, ’

' DESCRIPTION OF THE EEATERS .AND OF

TEE TESTING PROCBDURE.

The fluted—type hanters tosted were all primo—surface
parallal—flow units. 'The fluted passaiges, constructed of
elther copper or stainlese stesal, arc tapared at each and
of the heator,

The corrugated fluted typn heaters consist of 34
alternato ventilaoting—air and vxhaust—gas passages in the
case of the.copper: heater and 52 alternate ventilating—
air and exhaust—gas passages 1an thoe case of the stainless—
steel hpater. (See fig. 16.) These passages are formed
from eheeots of corrugated metal so that the dietance between
the walls 1is constant along tho passage, that 1s, the pas—
sage is slnuous, in character, The corrugations are spaced i
inch apart and ars arranged perpendlicularly to the direction
of flow of the flulds,



The heater, constructed of noncerrugated stainless
steel and contaitiing 32 fluid passages, was also tested
proeviously using a different air shroud. The results of
the dabta -obtained at that time were reported in reference
1, The air shroud used in the tests reported here differs
from the provious one only in the configuration of the in-
let alr ducts,

Diagrams and photographs of these heaters aro shown
in figurea 1 to 4 and 16. . .-

The weight rates of exhaust gas and ventilating air
vere obtained by’ méane ‘0f dalibrated squaro—edge orlifices.

The exhauat—gas temperaturea were measured at the 1inlet
and outlet of the heater by means of shlelded, traversing
thermocouples. Unshilelded, traversing thermocouples were
used for the ventilating—air temperature meapurements,

Temperaturea of the heater surfaces were medsured at
elx points by noans of thermocouples.- (Sce fig. 16.)
Threo of tho thermocouples wers located on the ventilating—
alr slde of the heater shell, near the exhaust—gas inlet —
the other three thermocouples deing similarly located near
the exhaust—gas outlet. The three thermocouples in each
group are spaced at approzimately oqual intervals around
the circumference, .

The arithmetic averajze of the readings of the three
thermocouples located near the exhaust--gas 1nlst 1s de—
slgnated as t,, whoroas the arithmotic average of tha
readings of the three thermpcouples located near tho- down—
stream end of the heoater is designated as .tg. (See figs,
1 and 16 and tables I and II,) ':

Static pressure—drop usasurements worc made across
the ventilating—air and exhaust—gas -sides of tho hoater,
Two tapu, 180° apart, wére installed at each -pressure—
measuring station,

NOTATION |

A gerea of heat’transfer, £t2 ; o

Ag total cross—sectional area of--the jpasseges on the
ventilating—air.-sige of the heator, £83 0 0 L.
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Ag total croseswsectional aTea of the passage on the
axhauatwgas gide of the heater, fta v e

cp, heat capacity of 8ir at constant preadurey Btﬁ/lb on

°Pg heat capacity.of exhaust gas at congtant preastre,
Btu/1lb °F .

D _hydraulic diameter, £t

Dg hyirgulic.diatstéi on-ventiléting-aij side, T%

Dg hydraulic diame er on exhaust--gas sice, ft

fc unit thermal convactive conductance (av, with 1ength)

Btu/hr f£t3 oF . -

fo unit'thermal convective conductance for the ventilating
air (av. with length), Btu/hr £t3 OF

fc tnit thermal convectlive conductance for the exhaust

€ ° gas (av. with length), Btu/hr £t2 OF
g gravitational force per unit of mass, 1b/(lb aaca/ft)
G weight rate per unit of area, 1b/hr £t2
Gg . welght rate per unit of area for ventilating air,.
) 1b/hr £t3
Gg welght r;te per unit of areg-for exhaust Zas, lb/hr fta
K .- isothermal pressure d&rop iactor defined by the
' AP up®
equation - = K Eﬁ;
4 significant dimeneion in eyustions for £, along flat
plate, ft
L length of heat transfef Eutfuce, £t
P heat transfer perimeter, ft

Qg measured rate of enthalpy change of ventilating air,
- Btu/hr or k Btu/hr (= 1000 Btu/hr)*

q measured rate of enthalpy change of exhaust gas,
& Btu/hr or ik Btu/hr (= 1000 Btu/ar)*

* kBtu .designates Xkilo btu.




AP
AP

arithmetic average of three surface temperature

measurements taken near the exhdust—gas inlet, °F

arithmetic average of three gurface temperature
meagurements taken near the exhaust—gas outlet,

afithmetiolaverage mixed—~mean absolute temperature

T T
of ventilating alr = -Eiig—ia +_460,QR

arithmetic averagze mixed-mean absolute temperature
. T1'+ Ta o
Opf .fll‘\lid = ——,-5-——' R
erlthmetic average mixed—mean absolute temperature
. T T ' “
g1+ £a
2

460, °R

of exhaust gag ‘=

oy

mixed—mean absolute temperature-of fluld at entrancs

section (point 1),

mixed~mean absolute temperature of fluid at exlt
section (point 2),

mixed-mean absolute temperature of fluid for iso-—
thermal pressure drop tests, OR

mean velocity of fluld at minimum cross—sectional
area of fluid passages, ft/sec

over—all unit thermal conductance, Btu/hr £t3 OF
over-all thermal conductamce, Btu/hr °F
weight rate of fluld, 1b/hr

welght rate of air, 1b/hr

welght rate of exhaust gas, 1b/hr

welght density of fluid at entrance to heating
section (point 1), 1b/ft®

static pressure drop, 1b/ft3

total static pressure drop on ventilating-air
side, 1b/ft3




AP!, , total static pressure drop on wventilating—air
side, inches Hz0

APg . toetal static pressure drop on exhaugt—gas.side,
2 €
1v/£12 .. . ..
AP? . total static pressurg drop on.exhaust-—gas side,
€ "Inches HgO _ '

APguet 1sothermal étﬁfxé'p;gseufe drop along inlet and
outlet ducts of the air ghroud, 1b/fit2

AP lsothermal static pressure.dibp plong the heater
htr 3¢ .
passazes only, 1b/ft

APjgo total lgothermal static pressufe drop along Heater - -

and ducts at temperature Tigos 1'b/ft2

giso iaothermal friction factor defined by the equa-—
. AP L up?®
tion, = =
Ty !DZg

Aty " logarithmic mean temperature difforence deflned
by equation (4), °F .. - .

ATy - . 'differédnco between nixed—mean temperature of
ventllatingalr atsectionsdefined by points
1 and 2 = (Taa - Tal) OF

ATg difference between nmixed—mean temperatures of
erhaust 28 at sections defired by points
1 and 2 = (T - Tga)’ op

W viscosity of fluid; 1b-sec/ft3 -

Ta, mnixed—mean temperature.of ventilating air 4%
entrance soction (point 1), °

T&a mized—meen temperature of ventilating aif at
exit nnction, (point 2),

T?z mixod-mean teapcrﬂture oi cxhaust gns at entrance

' section (point 1), '
Tea mizxod—mean temperuture of oxhaust gas at cxit

section (point 2), °F, C

Re Roynolds numbor = &D/3600p g



MBTHOD OF ANALYSIS

Hoat Trangfer

‘The thermal output of the heaters was determinod
by the enthalpy change of the ventilating air::

a, H:?;.dm '(T""'*_Tal)- (1)

w . .
in which e, was evaluated at the arithmetic average
(-3
ventilating—air tomperature ae a good approximation, &
Plot of qp agalinst ka ‘at constant valuoe of the

g’
On the exhqusf—gas 8ide of the -hoator:

exhaust—gas rate (W_) 1is shown in figuree 6 and 10,

lg = ¥g op  (Tg, = Tga) {2
whore cPg was evaluated for air at tho arithmetic average

exhaust—gas temperature.

The over-all tharmgl conductarce UA was svaluated
from tho se:xprosesion

1, = (UA) Aty o (3)

where Aty 1s the log-mean temporaturc difference
defined by the equation

A¥;; _ (751 - Tﬁz)'r-(Téf - T&a)E ' -'(4).

T — Tg o
1n _(_E-;—._ELZ

(Tga - Tag)

.Tﬂé-vériationsiéf_:uga with ~ ﬂ; " and _ig -ape-ghéwn
graphically 1n figures 7 and 11, The termal output of
"the heatdr for valuey of - 'Aty, ~other-than-those used ‘here



may be predicted by determining UA at the actual weight
rates from figures 7 and 11 and using these magnltudes in
equation (3)*

Prediotions of the magnitudes of the over-—all- thermal
conductancoe :(UL) - .were attempted. The expression

L l

/1 /_:L_.
\r, &/ \f A/

UA = (5)

was used (reference 2, squation (4)).

The heat transfer arca (A) 1s based upon thé heat -
transfer perimetor measurod at the center of the fully
fluted section of the heater end upon a longth which
congligts of that of the fully flutod center sectlon plus
one half the longth of each of the tepersd ends, For
exanple, in the case of the stainless steel noncorrugatsed
heater (see data on fig. 16):

Length of fully fluted saction, 08,917 £t
Length of =2ach tapered end, O, 354 £t
Hoat transfer perimgter at section A-A, 5,356 ft = P-

The equivalent lansth of heat transfer surface ie then

0,354 0.354

+. 0,917 + = 1l.,27-f%

Heat transfoer area, A = P L = 5,66 X 1,27 = 7.19 £t3

The choice of thisilahgth is somewhat arblirary bdut
1t probably yields & congervative valus 6f the over—all
thermal conductance (UA).:

Tho unilt thermal conductanﬁes fca
ventllating—air and exheust—gas sidss, respectively, are
evaluated from the followlng cquations:

and f on the
Cg

*See alternate method for computing heator output for the
cage when only the initlal tenrprratures of the alr and gas
are known (refarenco 12).



(a) Tor the stainloess stoel nonoorrugated fluted

heater .
- - . .- . '-G-_o.a - -
- - 0,896 a .
_foa = 6,56 X 107 T D08 (8)
angd ;
) . . . Qe8
- . .g .. .
£ = 5,56 % 107" 1 °°8f0——0 (7)
Cy g D,

in wvhich D 18 the hydraulic dlameter. Thesos squations

aro valid for the caléulation of the unit thermal conduc—
tance (f,) for forced convection in smooth, straight ducts
in which the fluld and hoat—flow mechanisme correspodd to
thasoe in the turbulent regime.* Tha values of the thoermal
resistancos (1/fgoh)y and (l/ch)g can also be obtained

by usno of chart B of referoncos 1 and 2, (Soe reference
2 for the dorivation of equations (6) and (7).) _

(b) For the copper and stainloss steel corrugated
fluted herters:

”G;o.e'
- -
£, = 8.38 x 1077 T, —— (8)
a T
and
. 0«8
. - . G -~
. . ~4 Ll -g'
fcg a 9,36 X 10 Tg Y (9)

Thsse expressions are based on data for hoat transfor
by forcéd cunvection over flat plates of length I, measured
in the direction of the flow of the fluide. IHquations (8)
and ' (9) are valid only in the roglon downstream from tho
point where the flow in tle retdarded layer elong the plate
has changed from laminar to turbulent flows The flow in

*Seo Discussion of this report for comment on effect of
diamoter to length ratio for ducte or channels.
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the retarded layer near the leading edge of the plate 18
wsually laninar, In which case ‘the unit thermal conduc—
tance (f,) 1s a function of the 0,5° power of G and of
the —0,5 powar of 1,

The use of. these equations, based on flat—plate heat—
transfer data long.the corrugated pasesages of the heaters
tested, 1mplies that a retarded layer 1s 1lnitiated at the
crest of each corrugation because the value of the signif-—
icant dimension ! was taken to be 4inch the distance
between successilve crests of the corrugated passages.

Sample Calculation of (UA)

(For run 49 on noncorrugated fluted type heater.
Data from table I and fig. 15.)

Os 8
. - Ga-
(a) Computation of f, = 5.56 X 10—4% T °-&9qx
) a a D N, 2
a
: 98° + 252° 0 o
T, =° + 460° = 635° B
Mol P
W 01 ' '
6, = = = 222 b/br 40,600 1b/hr ft?
& Ay 0,112 £t
5 Ay 0.112
Dg = & X — - = 4X = 0,0589 ft
wetted perimetsr 7.60
0.898 Oe 8
f, = 5.56.Xx 107" (635) X (40.500)o -
& ' = (0,0589) °*
= 22,0 Btu/hr £t2 °F
* . - N G D8
(vb) Computdtion of. f, = B.66 X 10 4 TgO-BQG
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[«] o]
T = 14300 + 13737 . 4600 = 1850° B
DT - BRI .

* .. -
. .

Gg » 8620 1b/br . z4,400 1b/nr £4°

0.194 £¢2 .

© Y s 04194 ;
Dg =4 X g = 4% Oalos <li0.101 £4
='.wet¢ed perimeter . 7e 68 . -

£, = 5,56 x .107% (1850)°"%%% (34, 4001 —
g . 7. (0.201) 0"

= 34.8 Btu/hr £t3 OF

(c) Oomputation of UA =

1 1
(fod)g (£5 4),

A =7.19 £t°
1
TA = - - .
1 . 1 0,00435+ 0,00400
B2,0X 7,19 34.8% 7.1l9
0, 00835
. UA = 120 Btu/hr °F

The valiie of UA obtained from the laboratory meas—
urementa of gq, was (see fig, 7)!

A =

'dg © 170,000 Btu/hr

= 150 Btulhr °F
%y 1130°F .




13

Percent deviatien.of-fhe predicted: mggnituds from.
the measured magnitude was =20 percént. .

[

+;frgpeure.Drop. | -ihri Sy

Isothermal Pressure Drop.—~ Because of the complex
curvature of the inlet and outlet ventillating-ailr ducts,
the isothermal pressurq drop through these ducts could
not be predigted. satiﬁgaqtorily.__Bbmafer,,igg $o.the fact
that these inlot and Qutlet dugte  were ,used.wlth toth the
plain and corrugated: fluted type heaters, the influence
of the corrugations of the heater metal upon the pressure
drop along the=fdunid, pasgages could be determined frum the
total measured.pzbssnra dxrop aipng Poththeyxheater. and air

ductse T frasym

P S R )

The isothermel pressure drops through the corrugated-
fluted passages on the air silde- of. the..hoater. werse, .calcu~
lated in the followlng manner:

(a) The pressure drop along the alr passages

w—e~QF_the_plein, pncorrugated. fluted ﬁ,a.f—
sages was calculated by ueans of t

= -eq-u:at‘i'on' -

APhtr g Il uma

v 1505-2'; (10)

-
« e

whare § was taken as the friction

Cea e et e mmm e m e iso_
factor for,comuercial tuoes.'

B A L L LI T

(b) This pres;nre Arpp wag, sunbiracted from
the total drop ia pressure across the
heater (AP;SQ) to obtain the losses

in the inlst and outlet ducts

AP = AP P B
awet = 4Tis0 htr (11)
(¢) Since the same 1nlet and outlet ductc were
also used on the corrugated fluted heaters,
.. the-duet 1q5ﬁfs calendated frem. equation

(11) using the meagur ements on the non—
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corrugated flutad untt were nubtracted from_
the total measured pressure drop acroes the
corrugated fluted hogter, yilelding approxi--:._
mately® ‘the pressure drop in the corrugated
alr passages. Thus equation (11) was used
to compute the prpgssure drop along the ailr

. : PR8BAgOS of fhe corrugated fluted heatora.

“(a) - The frictlon factor was then obtained from
equation (10).

In this manner. thn-friction factor:'giso" for- the :

corrugated surfaces’ wes computed and ie tabulaﬁed in
‘tables III ‘and IV. . D

. In ordor to utilize exiating data for fittings, and
so-forth, for the estimation of the-pressurc drop in the-
alr ducts, cquation (10) is used in the f orm

e — = Kk —— - (12)
[y ? 2g " .

In tho case of the frictional prossure drop in straight -

ducts{
x = (;m %) s

By evaluating tho magnitude of K 4in ocquation (12) for
the complox inlet and outlet alr ducts, i1t was found that
the pressure drop through those duets could be calculated
approximately by usihg & valbe of X = 1,0 to 1.5, corre—
sponding to sharp 90° bends. (Sce refarencoe 4 to 8es) .
Hencoe, tho functlon of these ducts 1n conducting tho’ .
ventilating-alr through the hoator passagoes is approxih Y
mately that of a 90° bend.

‘On thé exhaf thgas ‘side of the heaters, thé isothermal
friotion factor S1g0. /wag- calculated by . means of. equation
(10)l In this oase APigo .= APhtr,-bacauae the. pressure "drop

along. the ¢ncbs 1eading to0. and from the hsafer was- negllgible
¢ompared .to :that along tha’ flute& exhaustagaa paasages

"It dhould be stated that the presuure dzop along thé air .out-
let duct may not be the same when used in the corrugated and
noncorrugated units because the heater passages affect the flow
conditions at the entrance to the outlet air duct,
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~ _Nonisoithermal pressure drop.— The nonisothermal
statie preseure drop of. either fluid through the heat
exchanger was. predicted from isothernal measurementa by
meang Oof. equation {6) of referenqe l._ :

“or, (B () &Y
AP = AP, \‘Tiso/ + 5600/ .z \T1 1} (14)

I‘I - ‘

in which Al"iE ia the total measured isothermal static
pressure 4rop ?due to friction alone) at tempsrature
Tigos T3 and Tz are the mixed—meanlaysolqtq_ﬁomperatures

of  the f1uid at the inlet and outlet of the hdater, respec—
tively, DTay '1s the arithunetic averagze of T, end Tg,

@G ies the fluid rate per unit cross—sectional area and Y

is the weight doasity, evaluated at temperature T, of the
- f£luld at the inlat to the heater. '

A comparison of measured and predicted nonisothermal
pressure drops across each side of the heuter 1a presentoed
4n tables V. and VI and is shown graphically in filguros 8,
9, 12, 13, and 14.

Heat transfer and pressure-drop Gata for the thrce
heat exchangers are .presented in tables I and II,

DISCUSSICH

‘The resulis of the tests on tus three fluted-tzpe
hoat exchangers are shown. graphically., The. results ob-
tained for the plaiz—fiuted hoater are givan-in Tigures
6 to 9.and thosae for tho two corregdted fluted heaters
(stainless stesl and-ccpper) are given in figures 10
to 14. . )

Theé corresproling physical dimensions of all three
heaters are approxicatety equal, However, the depth of
the ventilating—alr -passages was slightly less for the
corrugated fluted heaters,’ Also, the stainless steel
corrugated fluted heater consisted of sixteen ailr nmansages
which is the same as the plain fluted- heater; whereas, the
other corrugated fluted heater, constructed of copper con—
tained seventeen air Passages, ' .
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Comparigon of Results on Honcorrugated Heater

Uaing Two Different Air Shroudal

The same air shroud wis used in all of the tests
reported here, A comparison can be made, however, between
the present results in_the gase of the plaln fluted heater
and those reported for the same heater in reference 1. 1In
the latter experiments’a longer air shroud was useéd -which
afforded the. same cross—sectional area for the flow*of:
ventilating air but had longer inlet and outlet ducts, thus
probably yielding a. more even distribution of. air flow (al—
though an analysis of th9 me asurements of surface temp, naar
the ends of the heater did not indicate any large diffsrence
in the performance in this respect for the .two air shrouds).
Because the flow areag were equivalent, the. ratea 'of hoat
transfer vere about the same for the heater using eithar
" - ghroud (compare fig. 6 of this report to fige. 21 of refer—~—
ence 1), Eowever, the-igothormal .pressure drop was alumost
doubled in the case of the-air shroud wifth the shorter in-
let and outlet ductase All of this increase 1in pressure
drop can be ascribed to the greater curvature of the ducts,
in which the alr is turned in ordor to flow through the
alr passages.

2=

Thus, it may be sald that 1f the longer air shroud
were also.used on the corrugated fluteu heaters, the rates
of heat trarnafer would be about -the ‘tame as for the shorier
shroud but the mressure 2rops weuld be .decreasod appreclably,
It 1s undoubtodly true that in meny actual installaticns &
linited space would not'porcit the use of the 1ongar (Lower—~
pressure drop) alr akrouda

. Hoat Transfer

A comparison of tho reenlts on the three heatere using
the shorter (higher—pressure drop) air saround reveals that
the use of corrugaied fluted passagzes ylelds thermal con—
ductances anproximately 45 percent zreater thanm those ob-—
talned with the »lain, noncorrugated passages. (Oompare
figs. 7 and 11l.). The rates of heat transfer for the two
corrugatod flntod heaters were atout equal, although the
copper neater heat—transfer area wae sli*htly greauar due
to the additinnal sir passage.

l, Xoncorrugated fluted égégr., Tho predicted over—

all thermal conductencs for the plein 1uted heater was
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20 to 25 percent lower than the value based upon computa—
tions of laboratory meapsurements. (See fig., 7.) ' Part

of this discrepancy is ‘due to the inability to predict

the mechanisms .of: heat tranefer along the tapered ends of
the fluted pagsages. A heat—transfer maschanism equivalent
to that alang the fully fluted .ceanter sectlon of the heater
wvad used.along the, tapsred ends 1n the predliction calcula—
tions. ZEcuations (6) and (7), used in the prediction of
(UA) for the  plain fluted heater, are based on data takan
in' smooth ducts .where the hydraulic diaaeter of the passage
is used as the significant dimension .D. The use of the
multiplier (1 + 1.1 D/L) in equations (6) and.(7) to account
for the higher .unit thermal cornduyctance near the entrance of
2 tube or channmel would have yielded maganitudes of (UA)
about 7 percent highsr than those which woére obtained with-—
out employing thls correction.* (See anpendix of roference
9 for a discussion of this corroction,). :

2 Oorrugeted fluted heaters.,~ The predicted over—
all thernal conductances (UA) for the corrugated fluied
heators agree well (within 10 percent) with the valuas
derived iron laboratory measuremenis. In thesa calcula—
tions the unit thermal conductance (fc) oo either sido of
the hoater wes calculatsd by mears of egquations' (8) and
(9), which are based on heat—trensfer dath from smooth
flat plates.. The value of the significant dimension 1
wvas taken to bpe the distanco betweon succszselvn crests of
the corrugations (i.e., the wave length, %in.). Thie. choice
ls equlvalent to stating that a2 retarded layer 1s initlatcd
et the crest of eac: corrugation along the walls of the
fluid passages and, thorefore, the mechanism of heat trang-—
for 1ls tho samec as trat along succossive 1deaslized flat
plates. The use of tho multiplier (1 + 1.1 D/L) is not
nocessary fcr equations (8) erd (8), which evaluate the
avorage unit thermal conductance™™ for the length I, It
should also be stated that sguations (8) and (9) should bo
ugsed ln‘regions of systoms 1n which tihs retarded layor has
changed from laminar to turbulornt flow. Thus the ocquatilons
are moro applicable for long, flat plates, over which the
laminar. rotardsd larer adjacent to the leading edge doos
not cxtend along an apvroclable portion of the flat plato.
The curvature of tha corrugated passages in this case prob-
ably malntaines a turdulont retardad layor rataer thern &
laminar layor.

*Laboratory oxpar imzents are now baing ¢onductod in order

to debormine the validity of this corroction factor,
w*iguations (8) and (9) aro -uscd without a correction fector
for the D/L offect bocausc thse unit thermal conductanco is
oxpressed as a fuaction of 1,
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Isothermal Static Pressure Drop o

1. Pres=ure drops thréaugh _heater. - Tha pressure

- e = e = D e o e T e

drom along the alr 8ide of the corrupated fluted heater
wag 65 percent greater then that along tre air side of

the noncorrugated heater. On the exhaust-rsas side the
corresvonding increase was about 130 vsrcent. The frac-
t101nnl increase in nreasure dror on the air side was lsas
than that on the gans side because the losses iIn the alr
inlet and outlet ducts were about orne-half .the total loss
and were the aame’ on. both the: corrugat=d and noncorrura+ed
fluted heatern. .

The mspraement between the 1eotherma1 frictdon factor
giso for the exhaust-gas slde of the henter, baged on
laboratory measursements, and that tasken for commercial
tubing is excellent, {See fig. 15.) This tndicates that
the method described Abeve for the calculation of the
static pressure drovo through.the inlet and outlset dir Aucts;
namely, substracting the over-sll static mresesure drom Along
the air vassares (computed from commercinl tube friction
factor data) from the totdl mressure .drop Acroge the ducts
and the heater, 1ia probahly adequate.

If the magnitude of the Reynolds numt=r were the
game on hoth esldes of the two corrugated fluted heaters,.

the magnitude ol the friction fretor !150 for the corru-

gated passapges would be - bout the arme. bn iransction of
tnbles III And IV Aand filpure 1R reveslsg thi= to be sapnroxi-
mately true. The fact that the gAs and alr nagsapgra are not
alike 1n share, that the rmacapges arns toanerad =t asch ond,
and that All of the-wetted ~=rim=tsr on th= air aslde does
not contsin corrugations could account for the differences
found. A calculation of the 1sothermesl-friction factor,
from the data of FNoarris and “nofford (refersnce 10) for
'qimilarly shaved corrugsated surfaces revealed a value of-
giso = 0.109 at A magnitude of Reynolds number 6¢¥ 12,400.
At the lowest welpht rate ugrd in the tasts described 4n
this revort (Reynnlds number = 109,009) the friction factor
wag eausrl to 0.118 for the corher corrugatad fluted heater
and 0.137 for the stainlass-sterl heater. The ReynolAds
number was evaluated by using the hydraulic diamster for
the sipnificant dimension D. A similar value of iso

wha obtained for the .sinuous- pAssagss on the alr aide of
a cross-flow-tyne heator described in reference 11, '
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2 Pressure drop through alr ducts.— The complex
shape of the inlet and outlet air ducts does not permit
a simple-prediction of the isothermal prs#surg - -drep -
through thesgﬁunits,..In.the expression- - - -

AP _ ¢ um® o ;f:(la)

a value of K aqual .to about 1,0 to 1.5 was found to

be appropriate in calculating the duct loescs, This
nagnitude of X 1s equivalent to that used in -computing
the pressure drop along a 90° elbow, which the duvcts
.Tegemble, .. . - . . .

5,_'Ndnisdth6rmél StafioJPre@sﬁro Drop

Tha prediction of tho nonisothermal static~pressuro
drop from the neasureéd isothermpal prossure drop., by means
of equation (14), was successful in all but one instance,

(Seo figs. 8, 9, 12, 13, anad 14,) ) .

Tho slopes of tho nonisothermal pressurc drop ageinst
weight—rate curves are greater than the isothormal -curvos
whon %the fluid is coolod (gas sidc) and lees whon the fluid
is hoated “(alr sido). An inspoction of squation (14) re—
voals the basie f-or those facts.

. Hoator Burfece Texreraturses

The heatar surfaco toupnratures (soo tatlee I and
I1) appoar to ba lowpr for the runs on. the stainless—
gstool hpaters than for thoeso 6én tha coppor. heater. The
difficulties cencountored in obtainling tomporatuire measurs—
monte by tho use of thermogouplns might account for -this
deviction, . . :

COILICLUS IOKS

1, Tho thermal performanco of tho noncorrugatod
flutod hoater can vo pradicted to within 20 to 25 pcrcent
by means of oaquations (5), (6), and-(7), based on hoat—
tfansfgr data of snooth ducts. . -
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L e The thormal performance of the corrugated flutod
. : hoators ‘can po predictei to within 5 to 10 percont by
.. moang of equations (5), (8), anda (d), basod on heat-
. tranafer--dats -of flat plates, using the. wavo lcnth of
the corrugations ag the equivalent flat—plate longth,

3.. The nonisothermal pressurc drop of all tho
hoators .can boe-adegquatoely prodicted from the iaothormal
presaure drop by moans of equation (14).

. ) 4._ Tho heaters qonstruoted with corrugatod passagos
instead of plain passagos yieldod about 456 porcont highar
ratos of heat transgfer -but-increased the pressure drop ,
by about 66 percent .on thd alr side &and by about. 130 per-—
' cent on tho dxhaust—gaa side of thp hoater.

5. The isothormal friction factor along the corru—
gatod passagoes was two to threo times th&t for the plain
passagos, ) )

6e The inlot and outlet ailr ducts accounted for
about 83 vercont of tke total moasurod isothermal prossure
drop 1n the caso of the noncorrugated heater and about 50
percent in the case of the corrugated "heator,,

7e¢ The heat—transfer rates and Pressure drops-were
approximately equal for the two corrugated fluted heaters
(copper =2nd stainless steel)s

8+ The use of an air shroud with abrupt inlet and
outlet ducts on the plain fluted heater 'yieldéd the same
rates of heat transfer but 100 percent greater pressure
drops than 4id the use of a shroud with longer inlet and
outlet ducts.

Universlity of California,
Berkeley, Calif,
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TABLE I.- EXPERIMENTAL RESULTS ON NON CORRUGATED TYPE- HEATER

HEATER OVERALL -
AIR-SIDE - EXHAUST - GAS SIDE TEMPS. PERFORMANCE
’ ’ e R
R | T | To | AT | Wo | 8P| g, | Ta | Ta | ATs| Wy |8F | g, %.; t. | ts | A [(un)
. . . b inches | KBtu | . b Inches K-_B_!! o | o . o
#9 98 252 154 | 4550 | 203 |170 /1420 /372 | 48 | 6670 | 417 B8,/ 0352 | 528 | 546 /IJQ -150
50 | 100 | 297 | 197 | 2970 | 988 |/92 | /407 |/366 |39 | 6630|465 |71/ |o050 | 644 | 659 | 1190|120
5/ | 100 (376 | 276 | 16/0 | 336 (108 |/428 /390 |38 |66/0 |452 |69/ o6t | 79/ | 834 | 1170 -3;7.:;'
54 | 100 | 236 | 136 | 4700 | 201 | 155 |14/5 (1355 | 60 | 4840 | 254 | B0/ |0.52 | 466 | 504 | 1220 |127
53 | 102 | 285 | 181 | 3000 | 9.70 | 132 |1438 (/372 | 66 | 4640 | 250 | 878 |0.67 | 586 | 609 [1210 |r0%
52 | 100 | 353 | 253 | 1610 | 331 | 986 |1#07 |1372 | 35 | 4850|272 (467 lo.47 | 7a | 769 -,_wa' M5 -
55 | 99| 220 | 12/ | 4650 | 200 | 136 |1k2¢ 1342 | 82 | 3500 | 132 |sn0 |0eo |ar7 |441 |1230 i1 -
56 | 103 | 264 | 161 | 2975 | 930 /16 |/815 | 1355 | 60 | 3560 | 142 |588 \os) | 526 | 545 |/205 | 965
I7 | 703 | 331 | 228 | 1620 | X300 | 99.5 | 1424 (/364 | 60 | 3560 (/43 (588 |0.66 667 | 667 |ir70 | 765
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TABLE II.- EXPERIMENTAL RESULTS ON

. COPPER CONSTRUCTION

- i
CORRUGATED-FLUTE TYPE HEATER

HEATER | OVERALL .
- AIR-SIDE EXHAUST-GAS SIDE — = TEMPS. PERFORMANCE
.- . ”~ / ‘
Run Tﬂ. Tﬂt ATe Wa A Pd %n lg, Tg 2 AT’ W, AP’ *. % tl ts Ath (UA)
i tu
. . . 1b  |inches | kBtu| ., . o Ib | Inches| X.Btu . . . aty
No. F F F hr Hz0 —hr F F F ‘h—r H30 hr F F F he F
9 /04 | 359 | 255 |3700 |\ 227 (228 |/424 /321 | /00 | 6620 |12./ |/82 0.80 | 7/6 704 | /130 | Po2
10 | 706 |426 | 320 2500 (12.1 (194 |/442 |1334 |/08 | 6560 |//9 194 |/00 | &8/6 |&19 | 1170 | 175
1 111 | 519 |08 |/550 | £72 (153 (/442 1377 | 65 (6520 (/23 | 99 |0 65 | 929 | 946 | 1090 | /140
14 | 110 [ 322 | 2/2 | 3800 220 |195 | /429 |/300 | 129 4886 | 720 |/74 |0.89 | 628 |62F | 1140 |17/
/3 112 | 383 | 277 |2580 (/1.5 |70 | 1403 /295 | /108 |£886 688 | /45 |085 | 717 | 720 | 7090 | 156
12 110 | 267 | 357 | /1550 | 535 134 | /398 |13/2 | 86 (4866 |700 |//6 |0286 | 835 | 849 | r060 | 727
15 | 709 | 297 | 182 | 3850 | 219 | /70 | /1411 |1265 | /146 | 3568 |4./5 |/43 |os4¢ | 558 | 543 | /730 | /50
/16 /1! | 357 | 246 (2530 | 114 | 151 | /420 7282 | 138 | 3578 |400 |/36 |as9o | 558 |s6z | 1170 | 136
Vi g 1/2 | @44 | 332 (1550 | 505 | 125 | 143% | 1327 | 112 | 3568 |T8F | /10 |oss | 786 | 798 | /090 75
2 STAINLESS STEEL CONSTRUCTION
26 100 | 361 | 261 3400 | 204 | 215 | 14214 |13/6 | 958 | 6497 | 118 | 175 \|osr | 472 |4s6 | 1nz25 | 197
27 97 | 399 | F02 (2490 | 130 |/82 | /398 | 132/ | 77 | 6535 /19 | 138 |076 | 538 |555 | 1700 | /65
28 99 | 483 | 384 | /550 | 579 |74 | /1420 | 1351 | 69 | 6446 | 12/ (722 |0.86 | 67/ | 688 | /080 | /37
29 10t | 307 | 206 | I470 | 207 | 174 | /12/6 | 1278 138 | 3547 | T80 | 135 | 078 | 375 | F91 | //4F | 15/
Jo 1700 | 356 | 256| 2485\ 12.0 | 154 se24| /297 | /33 | 3546 | 370 | 130 |0.84 | 447 462 | 1115 | 138
3/ 104 | 426 | 322| 1590 592| 124 1420|1312 | 108 | 3496 | 3.89 | 104 |0.84 | 555 | 573 | 1090 e

VIVN

£e



24

TABLE III
NONCORRUGATED FLUTED TYPE HEATER

Isothermal static pressure drop data

¢,
W G BPigo | = BPpir |+ BPaucts Ciso giso L +80 Re
5 5 D |(calcu~
(1b/nr) [ (1b/nr ££2) | (10/£t%) | (1v/£82) | (1bv/£%°) lated
from
(a) (c) (b) (v) data)
Air side
1500 13,400 10.9 1.90 9.0 04033 | 0,710 | —eeememe 17,100
2500 22,300 28.5 4,94 23.6 .030 TS ppe— 28,600
4000 35,700 65.0 | 11.4 .| 53.6 ,028 | J60U | eme— | 45,500
Gag side
4000 20,600 2.23 ——— —— 0.028 | 0,329 | 0,027 |U5,200
6000 30,900 U, 73 | e —— .026 .323 .026 | 67,800
8000 I ,200 8.10 ————ee —— 024 «298 .025 190,100

8Pressure drops obtained from plots of AP against W.
jgo Obtained from fige 7 of reference 3 %friction factor against Reynolds)

°AP,,. for air side obtained from predicted (ljg0 L/D) (See pg. 12)

2

APhtr L uy
= ¢ (11)

w igo E 2
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CORRUGATED FLUTED TYPE HEATERS
[Nonisothemal static pressure drop data:l

25

L
W G A'Pi.so = 8Pauct |+ APhtr ¢ iso (f, iso 5) Re
(1v/nr) |[(1b/hr £42)| (10/£6°) | (10/£4°) (1b/ft2) (calculated
: from data)
1 _ (a) (v} )
1. Copper Construction R
Air side
1500 14,600 17.6 9,00 8.60 0.118 | 2.62 17,900 -
2500 24,300 43,1 23.1 20.0 099 | 2.20 29,700
4000 39,800 97.7 | 56.1 .6 077 |1.71 | 48,700
Gas side v e
41000 21,400 6.96 0.111 | 0.989 | 65,200
6000 32,000 13,9 | e | e .099 »883 | 97,600
8000 42,800 22.6 .090 .802 1130,000
2. Stainless~steel construction
Air side .
1500 14,400 18.2 9.00 9.20 | 0.137 |=2.88 | 18,600
2500 24,000 46,2 23.1 23.1 24 | 2.61 31,000
4000 39,400 109. 5641 52.9 G111 | 2434 50,900
Gas side \
4000 21,400 6.U9 0.0941 | 0.923 | 69,000
6000 2,000 12.0 L0778 | .762 | 90,400
8000 2,800 18.6 L0674 | .661 | 138,000

aPressure drops obtained from plots of AP against W.

b
APauct

PEe 12.)

obtained from data on noncorrugated fluted heater (See text,
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TABLE V

NONCORRUGATED FLUTED TYPE HEATER

[isothermal static pressure drop daté]

Pred.ict ed Measured
Measured noniso- nonisgoe
isothermal thermal thermal
Run W G pressure pressure pressure T, Tz Ty
drop drop drop
(1b/hr) | (1v/br ££3)| OPigo|APT, | AP | AP AP APt [(°R) (°r) (R
1b/£t2 |in. B30 |1b/£3 |in. Hz0 | 1b/£t°|in. HZ0
(Tig o= 552 °R)
(a)
i
Exhaust gas side
56 | 3560 18,000 1.81 0.35 5.8 | 1.12 7.38 | 1.42 |1875 1815 184
53| 48ho 24,900 3.16 W61 | 10.1 1,95 | 13.0 2.50 1898 1832 186
h1 | 6610 34,100 5.66 1.09 | 19.7 3,80 | 23.4 Ysh2 [1888 1850 186
Air side
52| 1610 14,400 12.5 2,40 | 19.1 3.68 | 17.2 3,31 563 724 64
53} 3000 26,800 38.9 7.50 | 54,0 | 10.4 50.4 9.70 B2 743 65
55| 4650 41,500 86.9 16.7 |1l12, 21.6 |[104.0 [20.0 559 680 62

8hese entries are taken from plot of APg against Wg or AP, against W

AP =

12
AP' = AP x
62

in. Hg0

T, ‘>
2.
Ty

a

since actual isothermdl measurements were at slightly different fluid rates.

2
is0 Tiso 600,

Y1 8

(1)



CORRUGATED FLUTED HEATER

TABLE VI

[Nonisothermal static pressure drop data ]

27

Predicted Measured
Measured noniso- noniso-
w G igothermal thermal thermal Ty | T2 | Tay
pressure pressure pressure
Run drop drop drop
(1v/nr) | (1b/nr ££°) APisg AP'my 0| AP AP? ap | 4Pt | (°R)[(°R) (°R)
1b/£t° |in. Hz0|1b/ft®|in. HyO|1b/ft" [in. Ha0
1. Copper heater
Exhaust gas side
16 3580 19,100 6.00] 1.16 21.9| 4.23 | 20.8 4,00 | 19021837 [1870
12 Lgg0 26,100 10.2 1.96 3441 6.6L | 36.3 7.00 |1902]{1794]|18u8
9 6620 35,400 16.6 3.20 55.7 1 10.8 62.8 | 12,1 |1884}1781(1833
Air side
12 1550 15,100 18.5 357 29.9| 5.76 | 27.8 5.35 | 570] 927] 749
16 2530 24,500 44,0 8.50 67.1 | 12.2 58.9 | 11.4 571) 817| 694
14 3800 36,900 90.0 | 17.h 125.7 | 24.2 |11k.0 | 22,0 570 782| 676
2. Stainless steel heater T
Exhaust gas side
31 3500 18,700 5.10| 0.98 ! 17.5| 3.38 | 20.2 3.89 |1880(1772(1826
27 6540 34,900 13.5 2.60 46.%5 | 9.00 | 61.7 | 11.9 [1858]1781|1820
Air side
o8 1550 14,900 19,5 3.76 32.1 | 6,20 | 30,0 5.79 | 559 943| 751
27 2490 24,000 45,0 8.68 68.9 | 13.3 67.2 | 13.0 557| 859 708
26 3400 32,700 78.0 | 15.0 115.8 | 22.3 |105.6 | 20.4 560 821| 690
8ne entries are taken from plot of APg against Wg or AP, against Wy,
since actual isothermal measurements are at slightly different fluid rates.
Gz) ”< 7 )
1so Tiso 360 Y2 \T1 (14)

AP =

AP X

in, Hz0

62.3
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Figure 1.- Photograph of Figure 2.~ Photograph of
corrugated-flute corrugated-flute

type heater (stainless type heater (copper).
ateel).

Figure 3.- Photograph of air shroud used on flute-type
heaters.

Figures 4 and 5 - Photograph of heaters in test stand.

Figs. 1,3,3,4,5
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Figure 6.~ Thermal output of non-corrugated
flute type heater as a function
of ventilating-air rate.
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Figure 7, -~ Over-all thermal oonductance of non-
corrugated flute type heater as a
function of ventilating-air rate.
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Figure 8,- Static pressure drop on alr side of non-
corrugated flute type heater as a function
of ventilating-air rate.



NACA

P!
a g
n. H20 3

0.3

0.2

0.1

Figure 9.~ Static pressure drop on the gas

side of a non-corrugated flute

type heater as a function of the exhausti-

gas rate.

Pig. 9
Slo . = o
DPe; o 1.85 /V
Slopenon_iso = 1.87
+
/
) /
/ /
e /ﬁ
+
/
/
/// + Meagured non-isothermal
ézf pressure drop SR
% Predicted non-isothermal
pressure 4drop
ve ——

O Measured isothermal drop

000 2000 3000 6000 10000 20000
W, 1b/hr



NACA Fig. 10

240

220 £/

200 4

-

180 27, Cﬁ//
160 Z// Y///

/ /)
s / &
K, Btu
hr
140 L 7 Experimental points

X Copper Stainless
/ steel

n] o W, = 6550 1b/hr
120 /A x = 4890
o e = 3570
Tgy Z 1420 °p
T,, = 95 OF
100 1. -
80
0 1000 2000 3000 2000 00 5000 ™0
W, 1b/hr

Figure 10.- Thermal output of corrugated-flute type
heater as a function of ventilating-air-
rate.
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Figure 1l2.- Static pressure drop on ventilating-air
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(stainless steel) as a function of ventilating-air rate.



NACA Fig. 13

30

Ny x
SN

20 Slope;go

///;// Slopenon_iso 1.58
1(:

10 /" /

8 ///O
6 X7 y
AP g, +
in.H20 ' + Measured non-isothermal
. pressure drop
// X Predicted non-isothermal
)? pressure 4drop
7
o Measured isothermal drop
2
1
1000 2000 4000 6000 10000 20000
W, 1b/hr

Figure 13.- Static pressure drop on ventilating-air
side of corrugated-flute type (copper)
heater as a function of ventilating-air rate. ‘



NACA Tig. 14

20

e 1T
Copper| Stainless steel I
fOt———— 0O ’ - Measured non-isothermal
: pressure drop
X > Predicted non-isothermal
‘ pressure d4drop .
4H0t——m o o- Measured isothermal dro
30
20 - /
15 ‘/
AP'g c{7
in.H20
10
)6_
8 {
5 /// /ﬁ//
4 «/ /L
fj / /
7 . /oL Copper 1
i / Slopeigo = 1.70
// Slopenon-jso = 1.81
Stainless steel
P // Slope;gq = 1,50
' Slopepnon-iso = 1.81
V4
l - .
1000 2000 4000 6000 10 000 20 000
: ' We 1b/hr

Figure 1l4.- Static pressure drop on exhaust-gas side of corrugated-
flute type heater (copper and stainless steel) as a
function of exhaust-gas rate.
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Pigure 15.- Isothermal friction factor as a function of Reynolds

number.
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Fig.16.- ScHEMATIC DIAGRAM OF SoLAR HEATERS
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